Abstract -The Intermediate Band (IB) solar cell concept is a promising idea to transcend the Shockley-Queisser limit. Using the results of first principles calculations, we propose that colloidal nanoparticles (CNPs) are a viable and efficient platform for the implementation of the IB solar cell concept. Focusing on CdSe CNPs, we show that (1) a well-defined intragap state arises inside the gap of the CdSe CNPs, and (2) the intra-gap states of the isolated CNPs with reconstructed surfaces combine to form an IB in arrays of CNPs. This IB is well separated from the valence and conduction band edges. We also show that in solution such IB may be electron doped using, e.g. decamethylcobaltocene, thus activating an IB-induced absorption process. Our results, together with the recent report of a nearly 9% efficient CNP solar cell indicate that colloidal nanoparticle intermediate band solar cells are a promising platform to overcome the Shockley-Queisser limit.
I. INTRODUCTION
The maximum theoretical efficiency of conventional single junction bulk solar cells is limited to 33% (Shockley-Queisser limit 1 ) by two main factors: photons with sub-gap energies cannot be absorbed, and electron-hole pairs that were excited above the band gap by high-energy photons decay by emitting phonons, thereby heating the solar cell. Several ideas have been put forward to transcend the SQ limit, including upconversion and down conversion approaches. 2 The former involves capturing the sub-gap photons, while the latter attempts to prevent thermalization of excited electron-hole pairs.
A leading up-conversion proposal is to absorb sub-gap photons by an intermediate band (IB), formed within the band gap of the absorber. 3 Other proposals include absorption by impurity states. The optimal value of the gap in an IB cell was determined to be about 2.4eV for one-sun, and 1.93 eV under full concentration. With an appropriately positioned IB, the efficiency of an IB solar cell may rise well above the SQ limit: 49.4% at one-sun and 63.1% under full concentration. 3 A down-conversion proposal that received widespread attention is the Multiple Exciton Generation (MEG) paradigm. It was advocated that MEG may be particularly efficient in nanoparticle absorbers. When this expectation was experimentally verified, it paved the way for the use of colloidal nanoparticles for solar energy conversion.
Here we propose adopting colloidal nanoparticles with IB bands for up-conversion processes. Up to now, the IB scheme was mostly realized in epitaxial quantum dots (EQD), embedded in multilayer heterostructures, where one or more intra-gap state(s), well separated from the conduction and the valence bands of the epi-layers, may be found. The benefit of up-conversion in EQD-IB cells was unambiguously confirmed by observing an increase of the sub-gap absorption. Other approaches to IB solar cells included heavy doping of bulk absorbers.
While these results demonstrate the great promise of the intermediate band concept, exploiting IBs in epitaxial systems faces challenges. In particular: (1) The surface density of epitaxial quantum dots is presently limited to 4−6 × 10 10 /cm 2 , which for ≈10 nm epi-layer separation and typical epitaxial QD dimensions of 30×30×7nm 3 results in an absorbing volume fraction of 20-25%. Typically 10-20 quantum dot epilayers need to be formed to reach even modest absorption increases compared to systems without the dots. In this article, 4 using the results of ab initio calculations, we propose that colloidal nanoparticles are a promising platform for implementing the IB concept in solar cells. In colloidal nanoparticles (CNPs) various mechanisms are known to drive the formation of states with energy separated from the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the CNP. These mechanisms include (a) surface reconstruction, (b) the presence of an interface in core/shell CNP, (c) deep-level doping, such as Mn in CdSe NPs, and (d) using a bi-disperse mixture of CNPs.
CNP absorbers offer several advantages over EQDs. CNPs fill a large fraction of the absorber as they can be closely packed, resulting in an absorbing volume fraction substantially higher than that of EQDs. In addition, the synthesis of CNPs is a low temperature solution-based process. Thus, forming even a large number of CNP layers requires only a few process steps at low temperatures, substantially reducing the energy-demand and the cost of the fabrication. Finally, the CNP-CNP distance may be tuned by ligand engineering down to the sub-nm-nm regime and thus the formation of an IB from the states of individual CNPs can in principle be controlled.
We focus our analysis on CdSe CNPs as a platform for CNP-IB solar cells because of their suitable gap value. In accord with earlier results, we found that surface reconstruction and quantum confinement generated a state with an energy well-separated from the HOMO and LUMO levels of the CdSe CNP. In the following such a state will be referred to as intra-gap state. From existing reports we identified reducing agents that are capable of electron-doping this intra-gap state. We then performed our own calculations to demonstrate that indeed these agents are capable of electron doping CdSe CNPs. We then considered arrays of CdSe CNPs, and computed their total energies and electronic structure from first principles calculations. As expected, these arrays exhibited an intermediate band (IB) formed by the CNPs' intragap states. Finally, we suggest that chemicaldoping or photo-doping of this IB may activate the IBmediated absorption processes necessary for the operation of IB solar cells.
We suggest that the use of the CNP-IB paradigm is timely, since very recently the Bawendi group demonstrated colloidal nanoparticle solar cells with efficiencies approaching 9%. This breakthrough proves the maturity and readiness of CNP technology. Nanoparticle solar cell efficiencies are today where organic solar cells were only three years ago.
II. RESULTS & DISCUSSION
First, we identified CNPs that are optimal platforms for implementing an IB concept for solar cells. CdSe appears to be a good candidate: the bulk band gap is ≈ 1.8 eV, widening into the optimal range in CdSe CNPs, as their diameter is reduced to ≈ 3 nm.
Intra-gap state formation. We started by carving spherical stoichiometric NPs out of the bulk wurtzite CdSe structure. Several starting configurations were generated by adding small random displacements (< 0.5 Å) to the positions of Cd and Se atoms without imposing any symmetry. The NP geometries were then relaxed to their closest local minimum. The largest NP considered here, Cd 45 Se 45 , has a diameter of about 1.5 nm. The relaxed CNPs exhibited an intra-gap state within a well-defined electronic gap. The formation of an intra-gap state was a persistent feature within the entire range of diameters studied here, and for all choices of initial configurations. Although the intra-gap state is unoccupied in neutral CNPs, and thus it is formally the LUMO, we preserved the standard notation of the LUMO being the state at the bottom of the continuum of the unoccupied states. Fig.  1 shows the electronic density of states (DOS) of Cd 33 Se 33 . 978-1-4799-7944-8/15/$31.00 ©2015 IEEE doping, we therefore computed these two quantities using ∆SCF techniques. Fig. 3 shows the vertical -EAs of the CdSe CNP as a function of size. Quantum confinement effects decrease -EA with increasing CNP diameter. While the trend of -EA as a function of size is the same as that of the IGS single particle energy (cf. Fig. 2 Nanoparticle array: band formation. For solar applications, the CNPs must be arranged into an absorber array with a spatial extent comparable to the absorption length. The organization of CNPs into an array is important to provide an absorbing volume and a path for extracting the photo-generated charges. In such an array, the IGSs may combine into an IB with a finite width. It is important to explore the formation of IBs in CNP arrays to evaluate the utility of our proposal for solar applications.
For an initial assessment we studied NP arrays of CdSe NPs without ligands and solvent. Such arrays have been recently fabricated where the NPs were stripped of the ligands. We built simple cubic NP arrays from Cd 15 Se 15 NPs and determined their band structure using the PBE functional. Fig. 4 shows that we have found that the IGSs indeed formed an IB as expected. We have also found that the NP arrays were bound. The binding energies were ≈ 0.16 eV/NP, showing that NP solids in the absence of ligands are not only bound but stable at room temperature.
III. CONCLUSION
In this article 4 we proposed a new paradigm for IB solar cells. Using the results of first principles calculations, we proposed that colloidal nanoparticles (CNPs) are a promising platform for implementing the IB concept in solar cells. We focused on CdSe CNPs and showed that in arrays of surfacereconstructed CdSe NPs, IB states are formed with energies well separated from the valence and conduction band edges. These IBs may be chemically doped, e.g. using decamethylcobaltocene in solution, thereby activating the IBinduced absorption processes.
The recent report of a nearly 9% efficient CNP solar cell proves the maturity of the CNP technology for solar applications. Hence, it may soon become possible to fabricate the proposed colloidal nanoparticle intermediate band solar cells with reasonable technical effort.
